Sn 1¹x /Si x cluster assembled films have been prepared by a plasma-gas-condensation cluster beam deposition apparatus. Transmission electron microscope images indicate that individual clusters have coreshell morphology, where Sn cores are covered by Si shells. Temperature dependence of electrical resistivity exhibits a metallic behavior and a superconducting transition at low temperature for 0 < x < 0.20, while a semiconductor-type behavior and no superconductivity down to 2 K for x > 0.29. These results indicate that the cluster network and/or coreshell morphology Sn 1¹x /Si x cluster assembled films changes with x.
Introduction
Several experimental techniques have been applied to generate and characterize nanometer-size clusters, 1, 2) because they often reveal unique physical and chemical properties, which are different from those of the bulk solids. The plasmagas-condensation cluster beam deposition (PGCCD) apparatus, 36) which involves sputter vaporization and inert-gas condensation techniques, is a promising method for clusters. It can vaporize refractive metals and control cluster size by adjusting sputtering power and gas pressure. We have succeeded in producing Fe/Si, 7) Co/Si 8) and Fe/Al, 9) core shell clusters by a double-source PGCCD apparatus and Co/CoO, 10) coreshell clusters by a single source PGCCD apparatus with a delicate oxidation process. The core parts of those coreshell clusters are thermally and chemically stable and give rise to additional properties: 10, 11) semiconducting and tunneling conductivities, and a quantum tunneling type magnetic relaxation were observed. We have studied Sn 1¹x /Si x clusters, which reveal an exciton-type superconducting behavior. 1215) In this paper, we deal with transmission electron microscope (TEM) images, X-ray diffraction (XRD) patterns and temperature dependence of electrical resistivity of Sn 1¹x /Si x clusters to discuss core shell morphology of individual Sn 1¹x /Si x clusters and their network characteristics.
Experimental
The Sn 1¹x /Si x cluster assemblies were prepared by the PGCCD apparatus, which is composed of three main parts: a sputtering chamber, a cluster growth room and a deposition chamber. There were two sputtering chambers (two cluster sources) separated by a partition plate in the PGCCD apparatus (see Fig. 1 ). In this study, we set Sn and p-type Si discs with 80 mm in diameter to the target holders installed face to face in one of these chambers. The samples with several Si contents, x, were generated by varying both a sputtering power of the Sn target in the range of 150200 W and that of the Si target in the range of 0300 W. The argon gas flow rate was kept at 0.676 Pa m 3 /s. The clusters were deposited on carbon-coated collodion film supported by Cu grids at room temperature for TEM observations. Hitachi HF-2000 TEM operating at 200 kV was used for morphological characterizations and energy-dispersive X-ray analyzers (EDX) equipped in TEM for compositional analyses. An XRD patterns were observed by a Rigaku 4037 XRD system © 2012 The Japan Institute of Metals in the Bragg-Bretano geometry with CuK¡ radiations monochromatized by a graphite crystal to determine crystal structures of cluster-assembled films deposited on glass substrates. The electrical resistivity was measured for Sn 1¹x / Si x cluster assembled films deposited between two stripe electrodes on a glass substrate by a physical properties measurement system (PPMS) (Quantum Design Co.).
Results
Figures 2(a)2(c) show typical bright-field TEM images of the Sn 1¹x /Si x cluster with x = 00.37. Almost all particles with 0.03 < x exhibits coreshell morphology. According to TEM observations, the average thickness of the Si shells seems not to vary even as the Si content changes from x = 0.03 to 0.37. Their thicknesses are about 2 nm. The average diameter of the Sn cores, on the other hand, decreases as the Si content increases. Nano-beam EDX analyses with the use of focused electron beam in 23 nm region on such Sn 1¹x /Si x clusters with x = 0.37 indicated that the low contrast shells were Si-rich and the high contrast cores Sn-rich. The Si contents at the cores were typically 20 mol% by the EDX analyses and those at the shells 78 mol% (see ref. 15) ). This result demonstrated the formation of coreshell clusters. Figure 3 shows XRD patterns of the Sn 1¹x /Si x cluster assembled films. As shown Fig. 3 , the Sn 1¹x /Si x cluster assembled films with 0 < x < 0.52 have a ¢-Sn-type structure. The lattice constants estimated by XRD observations for the ¢-Sn are independent of Si contents, a = 0.5830 « 0.0004 nm and c = 0.3183 « 0.0004 nm, being almost equal to the bulk Sn (a = 0.5832 nm, c = 0.3181 nm). 16) These results suggest that the Sn-cores do not form solid solution with Si. In XRD patterns of the Sn 1¹x /Si x cluster assembled films with 0 < x < 0.52, moreover, no diffraction line of a diamond-structure Si is detectable, suggesting that Si-shells are amorphous. Figure 4 shows the temperature (T) dependence of electrical resistivity, µ, measured between 2 and 300 K for Sn 1¹x /Si x cluster assembled films with 0 < x < 0.32. The µ values of Sn 1¹x /Si x cluster assembled films with 0.09 < x < 0.12 is lower than that of Sn cluster assembled films (x = 0). This result suggests that oxidation of Sn cores is suppressed by coating their surfaces with Si shells. In Sn 1¹x /Si x cluster assembled films with 0 < x < 0.20, the µ values are lower than 10 ¹3 ³ m and the temperature dependence exhibits a metallic behavior (µ varies with T), revealing a superconducting transition at low temperature. In Sn 1¹x /Si x cluster assembled films with x > 0.29, on the other hand, the µ values are higher than 1 ³ m. It is a semiconductor-type behavior and no superconductivity is detected down to 2 K. These results indicate that a metalsemiconductor transition occurs between x = 0.20 and 0.29.
Discussion
In Sn 1¹x /Si x cluster assembled films, which were prepared by sputtering both Sn and Si targets in a single source PGCCD system, Sn 1¹x /Si x clusters have coreshell type (phase-separated) morphology: core parts mainly consist of Sn, being a ¢-Sn-type phase, while shell parts mainly consist of Si, being an amorphous phase. The phase-separation is mainly attributable to their immiscibility in the bulk state: there is no solid solution in the SnSi equilibrium phase diagram. 17) In binary clusters containing an immiscible combination, AgNb, however, primary solid solutions (Ag-and Nb-rich alloy phases) were obtained via an almost same procedures.
18) Then, we have to consider other origins of such coreshell cluster formation. As mentioned in Introduction, coreshell clusters were also obtained in miscible type combinations, FeSi, CoSi and FeAl, when they were prepared by sputtering two element targets separated by a partition plate in a double sources PGCCD system.
79) The following two candidates have been proposed for their coreshell cluster formations: differences in surface energy and oxygen affinities between two elements, because elements of a lower surface energy and/or more easily oxidized elements are diffused to be located at cluster surfaces. Owing to careful studies of FeSi binary clusters, the coreshell cluster formation is attributed to the surface energy, £, difference: because the surface energy of Si (£ = 1250 mJ/m 2 ) is lower than that of Fe (£ = 2475 mJ/m 2 ), Si atoms can locate on surfaces of Fe cluster nuclei during the cluster growing process. 19, 20) However, we suppose that the different process leads to the coreshell morphology in Sn 1¹x /Si x clusters because the surface energy of Sn (£ = 675 mJ/m 2 ) is lower than that of Si (£ = 1250 mJ/m 2 ). 21) According to the TEM observations, the average thickness of the Si shells on the Sn cores does not vary when the Si content changes from x = 0.03 to 0.37. It is plausible that the Si vapor condenses to the primary particles of about 2 nm in diameter. They are assembled on the Sn cores to form the shell structure.
As described above, Sn/Si nanometer junctions are formed in Sn 1¹x /Si x clusters. Then, larger scale connectivity characters are also expected in Sn 1¹x /Si x cluster assembled films. A metalinsulator and/or Mott-transition has been observed in many doped semiconductor specimens, where impurity levels are superposed with increasing the impurity concentrations and their conduction paths penetrate the whole specimen, i.e., a percolation phenomenon. 2224) Figure 5 shows concentration dependences of the average size of Sncores estimated by 300 clusters on the TEM images, D TEM , and that by the line widths of the XRD patterns using Sherrer's equation, D XRD , together with electrical resistivity at 300 K, µ 300K , for Sn 1¹x /Si x cluster assembled films. In this figure, the difference between D TEM and D XRD is large for x < 0.22. On the other hand, they are almost equal for x > 0.28. The inconsistency between D TEM and D XRD in Fig. 5 is ascribed to agglomeration of Sn-cores. A large amount of clusters are deposited in the samples for XRD observation and PPMS measurement and they are closely stacked with each others, while a small amount of separated clusters in the one for TEM observation. Then, the Sn-cores easily contact and agglomerate with each others in the XRD and PPMS sample, while the contact and agglomeration are restricted in the TEM sample. Such agglomeration and direct contacts of Sn-cores are accelerated when they are covered incompletely with the Si-shells. With increasing x, the µ 300K value in Fig. 5 rapidly increases between x = 0.20 and 0.29 suggesting enhanced reduction of such metallic contacts between Sn cores. Therefore, it indicates that the electrical pass changes from Sn-core to Si-shell between x = 0.20 and 0.29.
Conclusions
We successfully fabricated the Sn 1¹x /Si x coreshell clusters using the PGCCD apparatus. The TEM observation and the XRD pattern indicated Sn-cores coalesced to form larger clusters for x < 0.22. The change of the electrical pass from Sn-core to Si-shell results in enhanced reduction of metallic contacts. 
